Withanolides are generally defined as C 28 steroidal lactones built on an intact or rearranged ergostane skeleton and have been shown to exhibit antiproliferative activity on various types of cancer cells. In this study, we investigated the effect of a new withanolide Tubocapsanolide A isolated from Tubocapsicum anomalum and addressed its molecular action. Tubocapsanolide A inhibited proliferation of A549, H358, and H226 human lung cancer cells via induction of G 1 growth arrest. We found that Tubocapsanolide A treatment led to upregulation of cyclin E, p21, and p27, whereas other cyclins and cyclin-dependent kinases were not affected in A549 cells. Conversely, Skp2, the F-box protein that is implicated in the mediation of degradation of p21 and p27, was significantly down-regulated. Chromatin immunoprecipitation assay suggested that Tubocapsanolide A suppressed Skp2 expression by inhibiting the binding of Rel A to the nuclear factor-KB site of Skp2 gene promoter. In addition, we showed that inhibition of Skp2 is a critical step for the suppression of cell proliferation by Tubocapsanolide A because ectoexpression of Skp2 effectively reversed Tubocapsanolide A -induced p27 up-regulation and growth inhibition in human lung cancer cells.
Introduction
Withania somnifera is one of the most important herbs used as a traditional remedy for several illnesses in Asian countries. This plant has been used as a constituent in more than a hundred herbal preparations to promote health and longevity in India for a long time. Its efficacy in many ailments has been confirmed by various pharmacologic experiments (1) . The extract of the roots of the plant contains withanolides. These compounds are biologically active and may inhibit the enzymatic activity of cyclooxygenase-2 to suppress inflammation (2) . In addition, recent studies showed that withanolides exhibit anticancer effect on human lung, colon, and breast cancer cells in vitro and exert immunopotentiating activity in vivo (3, 4) . Moreover, these natural compounds also suppressed tumor angiogenesis and metastasis (5, 6) . These results suggest that withanolides may be developed as a novel class of anticancer drugs. However, the molecular mechanism by which withanolides inhibit proliferation of human cancer cells is largely unknown.
Skp2 was originally identified as an associated protein of the cyclin A -Cdk2 complex in transformed cells (7) . Subsequently, three independent studies showed that Skp2 binds to and mediates the ubiquitination of the cyclin-dependent kinase (CDK) inhibitor p27 (8 -10) , which was known to be degraded via the ubiquitin/proteasome pathway at the G 1 phase. The biochemical evidence that Skp2 may function as a specificity factor in p27 ubiquitination was reinforced by genetic evidence showing that p27 accumulates at high levels in mice that lack Skp2 (11, 12) . Recent clinical investigations show that reduction of p27 protein is frequently found in various types of human cancer, including breast, lung, prostate, gastric, skin, colon, and ovarian cancer and is usually correlated with poor clinical outcome (13 -19) . Because Skp2 is a major player in the induction of p27 degradation, it is rational to speculate that amplification or overexpression of Skp2 may result in enhancement of p27 proteolysis and tumor formation. Indeed, recent works show that Skp2 is oncogenic and is overexpressed in human cancers (20, 21) . Studies of primary tissues also show an inverse relationship between the expression of Skp2 and p27 (22 -24) .
In this study, we investigate the anticancer effect of a new withanolide Tubocapsanolide A isolated from Tubocapsicum anomalum, and our results indicate that Tubocapsanolide A may suppress the transcription of Skp2 oncogene and upregulate p27 and p21 to inhibit proliferation of human lung cancer cells.
Materials and Methods

Plant Material
The initial collection of T. anomalum (Solanaceae) was made on July 2003 near NanTao County and identified by Dr. Hsin-Fu Yen (National Museum of Natural Science, Taichung, Taiwan). A larger amount of the same plant was recollected at the Da-Han Mountain, Kaohsiung, on October 2004, and identified by Dr. Ming-Ho Yen (Graduate Institute of Natural Products, Kaohsiung Medical University, Kaohsiung, Taiwan). The samples were authenticated and deposited in the Graduate Institute of Natural Products, Kaohsiung Medical University.
Extraction and Isolation
The air-dried stems and leaves (2.5 kg, part A) and roots (1.2 kg, part B) of T. anomalum were extracted separately with methanol at room temperature. The methanol extract of part A was partitioned between ethyl acetate/H 2 O to yield ethyl acetate and H 2 O extracts. The H 2 O extracts were further partitioned with n-BuOH to give n-BuOH and H 2 O extracts. These extracts were evaporated to give dark-green viscous residues. The residue from the ethyl acetate extract was further separated on a Si gel column (230 -400 mesh, 5 Â 20 cm) eluting with a gradient of n-hexane/CHCl 3 / methanol to give 16 fractions (A1 -A16). Fraction A8 (529.8 mg) was further purified on a silicon gel column using n-hexane-CHCl 3 (2:1) and CHCl 3 as eluents and recrystallized from methanol to give Tubocapsanolide A (42.5 mg).
Tubocapsanolide (25) to investigate the effect of Tubocapsanolide A on cell growth.
Cell Cycle Analysis A549 cells were seeded at a density of 100,000 per well into six-well plates. After 24 h, cells were incubated in 10% FCS medium containing vehicle (0.1% DMSO) or various concentrations of Tubocapsanolide A for another 24 h and were harvested for staining of propidium iodide. Cell cycle distribution was analyzed by fluorescence-activated cell sorting flow cytometry (Becton Dickinson, Mountain View, CA) as previously described (26) .
RNA Isolation and ReverseTranscription-PCR Total RNA was isolated from cells and Skp2 mRNA expression was investigated by using the OneStep reverse transcription-PCR kit according to the manufacturer's protocol (Qiagen). GAPDH was used as an internal control to check the efficiency of cDNA synthesis and PCR amplification. cDNA synthesis was carried out at 50jC for 30 min and the condition for PCR was 30 cycles of denaturation (94jC/30 s), annealing (60jC/30 s), extension (72jC/45 s), and one cycle of final extension (72jC/ 10 min). The predicted sizes for PCR products for Skp2 and GAPDH were 500 and 512 bp, respectively. The primers used were as follows: Skp2 -forward: 5 ¶-GTGTCAGTCGGCATTTGATG-3 ¶, Skp2 -reverse: 5 ¶-TTCGAGATACCCACAACCCC-3 ¶, GAPDH-forward: 5 ¶-GAGTCAACGGATTTGGTCGT-3 ¶, GAPDH -reverse: 5 ¶-TGTGGTCATGAGTCCTTC CA-3 ¶. After the reaction, PCR products were separated on a 2% 0.5Â Tris-borate EDTA agarose gel, stained with ethidium bromide, and visualized under UV light.
Immunoblotting For immunoblotting, vehicle (0.1% DMSO) -or Tubocapsanolide A -treated cells were harvested in a lysis buffer, and equal amount of cellular proteins was subjected to SDS-PAGE as described previously (27) . Proteins were transferred to nitrocellulose membranes and the blots were probed with different primary antibodies followed by horseradish peroxidase -labeled secondary antibodies. Enhanced chemiluminescence reagent was used to depict the protein bands on the blots. For the detection of nuclear translocation of Rel A, nuclear proteins were extracted as described previously (28) .
Analysis of Protein Stability
Protein half-life was measured by blocking protein synthesis with cycloheximide and harvesting the cells at various times. Cells were incubated with 10% FCS medium 5 Supplementary data for this article are available at Molecular Cancer Therapeutics Online (http://mct.aacrjournals.org/).
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Mol Cancer Ther 2007;6(5). May 2007 containing vehicle or Tubocapsanolide A (0.5 Amol/L) for 24 h. Cells were treated with 10 Ag/mL of cycloheximide and cellular proteins were harvested at various times. p21 and p27 expression was determined by Western blotting, and the protein level in cells collected at time zero was defined as 100%.
Promoter Activity Assay Cloning and activity assay of Skp2 gene promoter was done as described previously (27) . In brief, cells were plated onto six-well plates at the density of 300,000 per well and grown overnight. Cells were transfected with 1 Ag of Skp2 promoter-luciferase plasmid. After transfection, cells were treated with vehicle (0.1% DMSO) or various concentrations of Tubocapsanolide A in 10% FCS medium for 48 h. Promoter activity was determined by using a Firefly luciferase assay system (Promega) and normalized for the concentration of cellular proteins. Data of three independent experiments were expressed as mean F SD. Paired results were evaluated by the Student's t test, and P < 0.05 was considered significant.
Chromatin Immunoprecipitation Assay Vehicle-or Tubocapsanolide A -treated A549 cells were fixed with 1% formaldehyde at 37jC for 10 min. Cells were washed twice with ice-cold PBS containing protease inhibitors (1 mmol/L phenylmethylsulfonyl fluoride, 1 Ag/mL aprotinin, and 1 Ag/mL pepstatin A), scraped, and pelleted by centrifugation at 4jC. Cells were resuspended in a lysis buffer [1% SDS, 10 mmol/L EDTA, and 50 Amol/L Tris-HCl (pH 8.1)], incubated for 10 min on ice, and sonicated to shear DNA. After sonication, lysate was centrifuged for 10 min at 13,000 rpm at 4jC. The supernatant was diluted in chromatin immunoprecipitation dilution buffer [0.01% SDS, 1% Triton X-100, 2 mmol/L EDTA, 16.7 mmol/L Tris-HCl (pH 8.1), 167 mmol/L NaCl, and protease inhibitors]. Anti -Rel A or nonimmune (negative control) antibodies were added to the supernatant and incubated overnight at 4jC with rotation. Chromatin immunoprecipitation assays were done as described previously (29) . DNA fragments were recovered and were subjected to PCR amplification by using the primers specific for the detection of the À136/+132 region, which contained the nuclear factor-nB (NF-nB) site of human Skp2 gene promoter. The sequences for the primers are as follows: sense 5 ¶-ACATTTCCCAGTCAGCCGTA-3 ¶ and antisense 5 ¶-GCCTAGCAACGTTCCATCC-3 ¶.
Statistical Analysis Data of three independent experiments were shown as mean F SD. *P < 0.05 when different groups with various treatments were compared.
Results
Tubocapsanolide A Potently Inhibits Proliferation of Human Lung Cancer Cells
Tubocapsanolide A is a new bioactive withanolide isolated from T. anomalum and the chemical structure is shown in Fig. 1 . We tested the effect of Tubocapsanolide A on the growth of various human lung cancer cell lines. Our results showed that Tubocapsanolide A potently inhibited proliferation of lung cancer cells in a dose-dependent manner ( Fig. 2A) . We also compared the growth-inhibitory activity between Tubocapsanolide A and cisplatin, a clinical chemotherapeutic drug. Our results showed that Tubocapsanolide A is more potent in the inhibition of proliferation of A549 lung cancer cells (Fig. 2B) .
Tubocapsanolide A Blocks Cell Cycle Progression at the G 1 -S Transition
We used A549 cells as a model to address the molecular mechanism by which Tubocapsanolide A inhibited cell growth. Flow cytometric analysis indicated that treatment of Tubocapsanolide A increased the cell number of G 0 -G 1 phase (Fig. 3A) . On the contrary, cell number of S phase was reduced. We next studied the alteration of G 1 -associated cell cycle regulators in Tubocapsanolide Atreated cells. As shown in Fig. 3B , expression of CDK2, CDK4, and CDK6 was not affected by Tubocapsanolide A. Similarly, Tubocapsanolide A did not affect the expression of cyclin D1 and A. Conversely, the protein level of cyclin E was increased. We also examined the expression of CDK inhibitors p21 and p27 and found that these two inhibitory proteins were increased after Tubocapsanolide A treatment. Our data indicated that Tubocapsanolide A modulated the expression of cell cycle regulatory proteins to induce G 1 growth arrest.
Tubocapsanolide A Inhibits Skp2 Expression at the Transcriptional Level
An interesting observation is that Tubocapsanolide A increased the protein level of p21 and p27. Alteration of cell cycle regulators is mainly caused by change of protein Inhibition of Skp2 by Withanolide stability via posttranslational modification. Recent evidences indicated that p21 and p27 are degraded via the ubiquitin/proteasome pathway and the common F-box protein that mediated the degradation of these three proteins is Skp2 (8 -10, 30 ). Therefore, we tested whether Tubocapsanolide A might regulate p21 and p27 protein stability and Skp2 expression in lung cancer cells. As shown in Fig. 4A , our results showed that the protein stability of p21 and p27 was increased in Tubocapsanolide A -treated cells. In addition, we found that Tubocapsanolide A down-regulated Skp2 protein level in a dosedependent manner (Fig. 4B) . Reverse transcription-PCR analysis showed that Tubocapsanolide A reduced Skp2 mRNA level in a dose-dependent manner (Fig. 4C) . These results suggest that Tubocapsanolide A may inhibit Skp2 at the transcriptional level. We carried out promoter activity assay and our results showed that Tubocapsanolide A suppressed Skp2 promoter activity in a dose-dependent fashion (Fig. 4D) .
Tubocapsanolide A Represses Skp2 Expression by Inhibiting Rel A^Mediated Transcription
We next addressed the signaling pathway by which Tubocapsanolide A inhibits Skp2 expression. A recent report has shown that NF-nB is a molecular target for other withanolides (31) . Therefore, we investigated whether Tubocapsanolide A inhibited NF-nB activation. We found that the basal level of InBa was low in A549 cells, which is in agreement with the reports that A549 cells exhibit constitutively active NF-nB ( refs. 32, 33; Fig. 5A ). Treatment of Tubocapsanolide A increased the protein level of InBa. In addition, protein level of Rel A in the nucleus was significantly reduced in Tubocapsanolide A -treated cells (Fig. 5B) . These data suggested that Tubocapsanolide A might attenuate NF-nB transcriptional activity to inhibit Skp2 expression. When our study was in progress, a report showed that Skp2 is a target for IKKa/NF-nB signaling pathway and plays an important role in the control of G 1 -S phase progression (34) . The authors also showed NFnB binding sites are localized at the proximal region of human Skp2 promoter. So, we tested whether Rel A is constitutively binding to Skp2 promoter and whether Tubocapsanolide A affected this binding. Chromatin immunoprecipitation assay indeed showed that Rel A bound to Skp2 promoter in vivo and Tubocapsanolide A (Fig. 5C ). The binding is specific because nonimmune immunoglobulin (as negative control) did not precipitate any protein-DNA complex. Collectively, these results suggest that Tubocapsanolide A represses Skp2 expression by inhibiting Rel A -mediated transcription.
Ectoexpression of Skp2 Reversed Tubocapsanolide A^Induced p27 Up-regulation and Growth Inhibition
Our aforementioned results suggested that Tubocapsanolide A inhibited Skp2 expression, which led to increase of p21 and p27 proteins and inhibition of cell proliferation. To verify the functional importance of Skp2, we ectoexpressed this F-box protein and investigated the effect of Tubocapsanolide A on Skp2-overexpressing cells. As shown in Fig. 6A , ectoexpression of Skp2 effectively counteracted the up-regulation of p27 protein level by Tubocapsanolide A in A549 cells. Moreover, the growth-inhibitory action of Tubocapsanolide A was also reversed by ectoexpression of Skp2 (Fig. 6B) .
Discussion
This is the first report to examine the effect of withanolides on Skp2, an oncogene that is involved in the tumorigenesis of various types of human cancer. Several previous studies have shown that withanolides exert anticancer effect on cancer cells (3 -6) . However, the molecular mechanism is largely known. We found that treatment of a new bioactive withanolide Tubocapsanolide A increased protein levels of p21 and p27 to inhibit proliferation of human lung cancer cells. These results led us to hypothesize that Tubocapsanolide A may affect the F-box protein Skp2, which controls the degradation of these two cell cycle regulators to enhance the protein stability and to increase the intracellular level of these two CDK inhibitors. Lines of evidence support our hypothesis. First, Tubocapsanolide A directly inhibits Skp2 via transcriptional repression. Second, ectoexpression of Skp2 reversed Tubocapsanolide Ainduced down-regulation of p27. Third, ectoexpression of Skp2 counteracted the growth-inhibitory action of Tubocapsanolide A. Therefore, we conclude that Skp2 is a target for Tubocapsanolide A. Our conclusion is strengthened by the observation that expression of cyclin E was also increased in Tubocapsanolide A -treated cells. Original studies showed that Skp2 might be the F-box protein for cyclin E because cyclin E was significantly accumulated in Skp2
À/À cells and ectoexpression of Skp2 induced polyubiquitination and degradation of cyclin E in cultured cells (11, 12) . A subsequent study showed that degradation of cyclin E might be mediated by another F-box protein Fbw7 (35) . However, Skp2 has been shown to involve in the degradation of cyclin E and knockdown of this F-box protein has been shown to increase the protein level of cyclin E in cells. The observation that cyclin E was increased in Tubocapsanolide A -treated cells further supported our conclusion that Skp2 is a major target for Tubocapsanolide A to suppress cell proliferation. The anticancer effect of several withanolides has been tested in a number of cancer cell lines (4). The authors focused on the apoptosis-inducing activity of the withanolides. However, we mainly addressed the molecular mechanism by which Tubocapsanolide A induced growth inhibition in cancer cells in this study. Therefore, it is not easy to directly compare the anticancer efficacy among these withanolides. However, our recent data indicated that Tubocapsanolide A triggered significant apoptosis at the concentrations of 0.5 to 1 Amol/L (0.24 -0.48 Ag/mL). This dose is close to the anticancer dose of the most effective withanolide, Withaferin A, tested in the previous study (4) . Thus, Tubocapsanolide A is a bioactive withanolide with potent anticancer activity.
How Tubocapsanolide A or other withanolides inhibit NF-nB activation is still unclear. Although reduction of IKK activity and InBa degradation are commonly observed in withanolide-treated cells, in vitro kinase assay indicated that IKK is not a direct target for withanolides (31, 36) . These data suggest that one or more upstream kinases for IKK are potential candidates. Several kinases, including NF-nB -inducing kinase, NF-nB -activating kinase, mitogen-activated protein kinase kinase 1, mitogen-activated protein kinase kinase 3, and transforming growth factor-h activating kinase 1, have been shown to phosphorylate the IKK complex and induce NF-nB activation when overexpressed in cells (37 -40) . Whether these kinases are direct targets for withanolides need further studies. Also, it should be emphasized that IKK signaling pathway may not be the only mediator for withanolides. As shown in Fig. 5B , Tubocapsanolide A only partially reduced the protein level of nuclear Rel A. Therefore, we cannot exclude the involvement of other signaling pathways that may directly phosphorylate and activate Rel A. Our unpublished data indeed indicate that Tubocapsanolide A may affect IKK-independent signaling pathway to regulate expression of downstream target genes.
Previous studies have already confirmed that Skp2 is an oncogene (20, 21) . Investigations of primary tumor tissues also show that Skp2 is overexpressed in human cancers (22 -24) . It is rational to hypothesize that natural or for 24 h and fixed with 1% formaldehyde. Anti-Rel A or nonimmune (negative control) antibodies were added to precipitate the protein-DNA complex as described in Materials and Methods. DNA fragments were recovered and were subjected to PCR amplification by using the primers specific for the detection of the À136/+132 region, which contained the NF-nB site of human Skp2 gene promoter.
synthetic compounds that may directly inhibit Skp2 expression are potential anticancer drugs. Because the plant W. somnifera (which contains many bioactive withanolides) has been used as a constituent in more than a hundred herbal preparations in Asian countries for a long time, withanolides like Tubocapsanolide A may be developed as a novel class of chemopreventive or therapeutic drugs for the treatment of human cancers with Skp2 overexpression.
